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We report on a highly efficient spin diode effect in an exchange-biased spin-valve giant magnetore-
sistance (GMR) strips. In such multilayer structures, symmetry of the current distribution along the
vertical direction is broken and, as a result, a non-compensated Oersted field acting on the magnetic
free layer appears. This field, in turn, is a driving force of magnetization precessions. Due to the
GMR effect, resistance of the strip oscillates following the magnetization dynamics. This leads to
rectification of the applied radio frequency current and induces a direct current voltage VDC . We
present a theoretical description of this phenomenon and calculate the spin diode signal, VDC , as a
function of frequency, external magnetic field, and angle at which the external field is applied. A
satisfactory quantitative agreement between theoretical predictions and experimental data has been
achieved. Finally, we show that the spin diode signal in GMR devices is significantly stronger than
in the anisotropic magnetoresistance permalloy-based devices.
PACS numbers: 75.47.-m, 76.50.+g, 75.78.-n, 75.47.De
I. INTRODUCTION
Radio Frequency (RF) devices have been of significant
interest for a long time due to their multiple applica-
tions, e.g. in wireless telecommunication, fast electron-
ics or radar technologies. Due to certain limitations of
the semiconductor technology, new materials and phe-
nomena that could be applied in microwave devices are
highly desired.1,2 Ferromagnetic Resonance (FMR) in
magnetic multilayer systems, which is typically probed
at RF regime, gives a chance to create new microwave
nanodevices such as filters, rectifiers, oscillators, phase
shifters or delay lines.1,3
An AC current passing through a magnetic struc-
ture can entail an oscillation of the magnetization due
to the spin transfer torque, field torque or spin-orbit
torque.4–7 This oscillation, in turn, results in the vari-
ation of the resistance due to the magnetoresistance ef-
fect. The oscillating resistance mixed with the AC cur-
rent gives rise to a DC voltage component, and this rec-
tification is called a spin diode effect,8 which has been
widely investigated in nanostructured Magnetic Tunnel
Junctions (MTJs)8–13 as well as in different thin-film sys-
tems based on Py,4,14–16 Fe,17 and other materials and
compounds.7,18–28
Extensive theoretical research has been carried out in
order to examine the physical foundations of the phenom-
ena involved in RF devices.4–6 It has been shown that
a proper analysis of the FMR-generated DC voltage re-
quires distinguishing between different mechanisms con-
tributing to the symmetrical and antisymmetrical com-
ponents of the signal.5 The role of the relative phase dif-
ference between RF electric and magnetic fields has also
been discussed in literature, as summarized by Harder et
al. in Ref. 5. Although experimental data reported by
several groups are consistent, there are some discrepan-
cies in theoretical descriptions of the physical origin of
the DC voltage VDC .
Most of the recent studies on spin diode effect were
focused either on devices exhibiting Anisotropic Magne-
toresistance (AMR) effect or on MTJs with the Tunnel-
ing Magnetoresistance (TMR). The spin diode signal in
AMR devices is usually very weak due to a low MR ra-
tio. In MTJs, on the other hand, a much stronger diode
signal is usually observed. Operation of the MTJ-based
devices, however, is limited to voltages below the corre-
sponding breakdown values. In this paper we report on a
spin diode effect in an exchange-biased Spin Valve Giant
Magnetoresistance (SV-GMR) strip, which is an alter-
native to AMR- or MTJ-based devices. Very recently,
a similar SV-GMR strip has been investigated by Klein-
lein et al.29 The authors, however, focused their attention
mainly on its enhanced detection sensitivity when com-
pared to an AMR-based device.
In section II, we provide a theoretical description of
the DC voltage and the electrically detected FMR spec-
tra. In section III, we describe the preparation process of
the investigated multilayer strip, the experimental setup
used to detect a spin diode signal and the origin of the
Oersted field affecting the free layer dynamics. Obtained
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2results, including angular and frequency dependences of
the signal, are presented in section IV, where we also dis-
cuss the nature of the magnetization oscillations respon-
sible for time-dependent resistance changes, as well as
the physical origin of the DC voltage signal. The exper-
imental data are compared with theoretical predictions
for angular and frequency dependences of the spin diode
signal. Finally, section V contains a short summary and
conclusions.
II. THEORY
A. General background on VDC
In this section we present some general theoretical
background on the spin diode effect, based on the de-
scription by Nozaki et al.30 for magnetoresistive tunnel
junctions. This description is then adapted to the exper-
imental SV-GMR system. For this purpose, we define a
coordinate system with respect to the sample orientation,
as presented in Fig.1. Consecutive layers of the structure
lie in the y − z plane, and we assume that the magneti-
zation of the Reference Layer (RL) is pinned along the z
axis and does not affect the dynamics of the Free Layer
(FL). The polar angle θ is defined as the angle between
FIG. 1: Top view of the SV-GMR structure under consider-
ation: magnetization of the RL is oriented along the axis z,
while that of the FL is oriented along the external in-plane
(y−z) magnetic field direction. The polar (θ0) and azimuthal
(φ0) angles, which determine orientation of the FL magneti-
zation in equilibrium situation are also indicated. Parallel
(P) state corresponds to θ0 = 0, while the antiparallel (AP)
configuration to θ0 = pi. The AC current flowing through the
structure is oriented along the axis y. In this figure, magne-
tization is aligned along the external field direction since the
uniaxial anisotropy field in our experiment is negligibly small
(see section IIIA).)
the magnetization ~M of the FL and magnetization of the
RL. This angle also determines the resistance of the SV-
GMR according to the formula,
R(θ) = RP +
∆R
2
(1− cos θ), (1)
where ∆R = RAP − RP , while RP and RAP denote re-
sistances in the Parallel (P) and Antiparallel (AP) state,
respectively.
A well-established fact is that the application of a
radio-frequency voltage, V (t) = V cos(ωt) = R{V eiωt},
to a magnetoresistive strip generates a time-dependent
driving force (due to spin torque,4,10 Oersted field,31
or anisotropy field30) which may generate oscillations of
the magnetization of the FL. These oscillations result in
small changes of the resistance: δR(t) = δ¯R cos(ωt+β) =
R{δ¯Rei(ωt+β)}. Here β is a phase shift between the
time-dependent current and the resistance, while δ¯R is
the amplitude (real) of the resistance change. Since the
AC current flowing through the sample depends mainly
on the resistance in the corresponding stationary point
described by θ0 and φ0, it can be approximated by
I(t) = V cos(ωt)R(θ0) , and thus the applied AC voltage and
AC current are in-phase. Note that the stationary point
is determined by the magnetic energy in the absence of
the AC signal.
The output DC voltage VDC is determined by the prod-
uct of the time-dependent resistance and the current.
Apart from the DC voltage, this product also includes
the AC voltage VAC of doubled frequency. Thus, we can
write:
Vout = VDC + VAC =
1
R(θ0)
R{V eiωt}R{δ¯Rei(ωt+β)}.
(2)
From the above equation one easily finds
VDC =
V
2
δ¯R
R(θ0)
cos(β). (3)
The voltage VDC can be detected for instance in a FMR
dynamics experiment.30 The point is that the phase shift
β and the amplitude of the resistance change δ¯R are not
constant, but generally depend on the frequency. There-
fore, the simple formula (3) for VDC is rather useless for
interpretation of experimental data, and one needs to de-
rive a more general expression for VDC . To do this, we
rewrite the expression for the VDC voltage in the form in
which the phase shift is not extracted explicitly, but is
included in the resistance change, δ¯Reiβ ≡ δR,
VDC = η
V
2
R{δR}
R(θ0)
, (4)
where we introduced an additional phenomenological fac-
tor η which originates from both parasitic impedances of
measurement setup and the impedance of the sample.
The parameter η will be treated as a free parameter, and
will allow us to compare the experimental and theoreti-
cal results quantitatively.30 It is important to note that
3η influences neither shape of the resonance spectra nor
their linewidths and the resonant frequencies, but instead
it acts rather as a scaling factor which modifies only the
absolute values of the spectrum amplitude.
To determine the VDC signal, one needs to determine
the resistance change, δR in Eq.(4) around the stationary
point θ0 for a given AC voltage. Thus, using Eq.(1) and
calculating the first derivative at θ0, one finds
δR =
∆R
2
sin θ0δθ, (5)
where δθ is a change in the polar angle due to the mag-
netization dynamics. Combining this with Eq.(4) allows
us to write the DC voltage signal in the form
VDC = η
V
4
∆R
R(θ0)
sin θ0R{δθ} (6)
What we need now is to calculate the angle change δθ
that can be derived from the Landau-Lifschitz-Gilbert
(LLG) equation.
B. FMR resonance theory of VDC
To calculate δθ we use the LLG equation in the
macrospin approximation,
d ~M
dt
= −γe ~M × ~Heff + α
MS
~M × d
~M
dt
, (7)
where γe = gµB~ is the gyromagnetic ratio with spectro-
scopic splitting factor g = 2.1 (γe > 0), MS denotes the
saturation magnetization of the FL, ~Heff stands for the
effective magnetic field which can be described by the cor-
responding magnetic energy density U , ~Heff = −∂U/∂ ~M .
In the SV-GMR structure under consideration, the driv-
ing force for FMR originates from the time-dependent
Oersted field associated with the AC current flowing
along the strip. This assumption will be discussed in
more detail in the next section, where it will be shown
that it is sufficient to describe experimental results. Gen-
erally, the Oersted field cannot be written as a gradi-
ent of a potential energy due to its rotational character,
∇× ~HOe 6= 0.32 In our case, however, we take into account
the Oersted field only in the FL. This field is uniform and
oriented along the z axis, ~HOe,z ≡ HOe, so that the as-
sociated energy is simply the Zeeman energy which can
be included in U .
By introducing unit vectors eˆθ and eˆφ associated with
the spherical coordinates,33 one can rewrite the LLG
equation, Eq.(7), as the following differential equation:
(sin θ φ˙eˆφ + θ˙eˆθ) + α sin θ φ˙eˆθ − αθ˙eˆφ
= γe
∂U
∂θ
eˆφ − γe
sin θ
∂U
∂φ
eˆθ. (8)
Since the magnetization of the FL is driven by a pe-
riodic Oersted field, one can assume that both spher-
ical angles oscillate periodically with small amplitudes
around the stationary point (θ0, φ0); θ(t) = θ0 + δθeiωt
and φ(t) = φ0 + δφeiωt. Note that δθ and δφ include
possible phase shift between the magnetization oscilla-
tion and the driving AC current. Equation Eq.(8) can be
then rewritten as two coupled equations for δθ and δφ,
(
iωδθ
iωδφ
)
=
 −γe1+α2 ( 1sin θ ∂U∂φ + α∂U∂θ )
−γe
1+α2
(
− 1sin θ ∂U∂θ + αsin2 θ ∂U∂φ
)  . (9)
Upon linearization with respect to small deviations δθ
and δφ from the stationary point (θ0, φ0), the LLG equa-
tion (9) takes the form
( [
iω(1 + α2) + γesin θB +
cos θ
sin2 θ
A+ αγeD
]
γe
[
1
sin θC + αB
]
γe
[
cos θ
sin2 θ
E − 1sin θD − 2α cos θsin3 θ A+ αsin2 θB
] [
iω(1 + α2)− γe(B 1sin θ − αC 1sin2 θ )
] )( δθ
δφ
)
=
=
( −γe [H 1sin θ + αM]
γe
[
1
sin θM − αH 1sin2 θ
] )HOeeiψ, (10)
where we have introduced parameters denoting first and
second derivatives of the magnetic energy: A ≡ ∂U∂φ , B ≡
∂2U
∂φ∂θ , C ≡ ∂
2U
∂φ2 , D ≡ ∂
2U
∂θ2 , E ≡ ∂U∂θ , H ≡ ∂
2U
∂φ∂HOe
,M ≡
∂2U
∂θ∂HOe
. The introduced phase factor ψ stands for the
phase shift between the electric and the magnetic fields
(or equivalently between the AC current and AC Oersted
field).5
Equation (10) has the general form AˆXˆ = Yˆ , where
Aˆ denotes the matrix on the left side of Eq. (10), Xˆ is
the vector composed of δθ and δφ and Yˆ is the right side
of Eq. (10). This equation can be solved by multiplying
its both sides by the inverse matrix Aˆ−1. After some
4algebra, one finds Aˆ−1 in the explicit form:
Aˆ−1 =
−1
Γ(ω2 − ω20 − iωσ)
(
i(1 + α2)ω + −γesin θ (B − C αsin θ ) γe(−Bα− C 1sin θ )
γe
sin θ (D − E cos θsin θ −B αsin θ + 2Aα cos θsin2 θ ) i(1 + α2)ω − γe(A cos θsin2 θ −Dα−B 1sin θ )
)
. (11)
In the above equation Γ is defined as Γ ≡ (1 + α2)2,
while the square of the angular resonance frequency and
the corresponding linewidth are given respectively by
the following formulas:
ω20 ≡
γ2e
Γ
1
sin θ
[
1 + α2
sin θ
(CD −B2) + cos θ
sin θ
(
−EBα+ 1
sin θ
(2α2AB +AB − EC) + α
sin2 θ
AC
)]
, (12)
and
σ ≡ γe
(1 + α2)
[
αD − cos θ
sin2 θ
A+
α
sin2 θ
C
]
. (13)
Taking into account Eqs (10) and (11) one can easily
find the solutions for δθ and δφ. Then, the real part of the
solution for δθ can be introduced into Eq.(4), which leads
to the final result for the VDC signal originating from
the Oersted field for an arbitrary form of the magnetic
energy:
VDC = η
IHOe∆R sin θ
4
γe(1 + α
2)
Γ((ω2 − ω20)2 + ω2σ2)
[cosψ Z1 − sinψ Z2] (14)
where
Z1 = −σω2(Mα+H csc θ)− γe csc2 θ (ω2 − ω20)(BH − CM) (15)
Z2 = ω(ω
2 − ω20)(Mα+H csc θ)− γe csc2 θ σω(BH − CM) (16)
and I denotes the amplitude of the AC current flowing
through the sample at a given angle θ0. The phase shift
ψ has a significant influence on the shape of the FMR
spectra and, for a given form of energy U , may change
their character from antisymmetrical to symmetrical and
vice versa.
To complete this part, we note that the factor
[cosψZ1 − sinψZ2] in Eq.(14) can be written in the
form consistent with Eq.(3). Writing Z1 and Z2 as
Z1/(Z
2
1 + Z
2
2 ) = cos Φ and Z2/(Z21 + Z22 ) = sin Φ, one
can rewrite this factor in the form [cosψZ1 − sinψZ2] =
(Z21 +Z
2
2 )[cosψ cos Φ−sinψ sin Φ] = (Z21 +Z22 ) cos(ψ+Φ),
i.e. in the form (3) with β (β = ψ+ Φ) and the prefactor
explicitly dependent on the frequency and other param-
eters of the model.
III. EXPERIMENTAL
A. SV-GMR device: fabrication
The material stack with the structure (nominal thick-
nesses in nm): Si / SiO2 / Ta(3) / Ni81Fe19(1) /
Pt46Mn54(18) / Co90Fe10(2) / Ru(0.85) / Co90Fe10(2.1)
/ Cu(2.1) / Co90Fe10(1) / Ni81Fe19 / (5) / Ru(0.5)
/Cu(1) / Ta(3) was deposited by TIMARIS magnetron
5sputtering system at Singulus AG. The easy axis of the
magnetic layers was set by applying 100 Oe field during
layers deposition. The Cu thickness (2.1 nm) was cho-
sen to minimize the interlayer coupling between FL and
RL. CoFe/NiFe composite was used to achieve a magnet-
ically soft FL with large magnetoresistance sustained by
the Cu/CoFe interface34,35. Before the microfabrication
process, the wafer was annealed in high vacuum at 280◦C
for 1 h in a magnetic field of 5 kOe. The GMR strips with
short and long axis of 2.5 and 70 µm were patterned using
direct write laser lithography and ion beam milling. The
wafer was patterned so that the easy axis of the magnetic
free and reference layers were oriented along the shorter
length of strips. In order to determine magnetizations,
anisotropies and interlayer exchange coupling energies of
the multilayer stack, we performed measurements using
Vibrating Sample Magnetometer (VSM). From the mag-
netization hysteresis loop in high magnetic field we de-
termined: saturation magnetization of the FL as 1.03 T,
saturation magnetization of the RL as 1.65 T, exchange
bias energy as 0.32 mJ/m2. The uniaxial anisotropy en-
ergy of 0.8 kJ/m3 was determined from the low magnetic
field hysteresis loop.
B. Origin of the Oersted field
In order to investigate magnetization dynamics in-
duced by the Oersted field we have performed micromag-
netic simulations for a homogeneous ferromagnetic strip
using Object Oriented Micromagnetic Framework.36 We
have found that if the current distribution in the single
layer strip is uniform, the FMR modes excitated by alter-
nating Oersted field do not contribute to the measured
signal when averaged over the whole sample. In order to
obtain a rectification signal, a non-compensated Oersted
field component originating from some kind of symmetry
breaking is needed. This conclusion stays in agreement
with previous investigations,31 where mechanisms such
as layer thickness effects described by Sondheimer-Fuchs
model37 and contact regions influence were proposed to
explain the origin of a nonzero resultant field. However,
in the case of the SV-GMR strip we used, the asymme-
try of the structure itself is sufficient to obtain a non-
compensated Oersted field component. In order to cal-
culate the magnitude of the resultant field, we have used
the estimations for thin film resistivities of the materials
based on Refs.38–42. We have obtained resistance and
current proportions for each layer, treating all layers as
resistors connected in parallel, as depicted in Fig.2. We
have assumed that the current distribution is homoge-
neous within each layer. The total AC current ampli-
tude has been taken from the experimental data. The
resultant current distribution has been integrated over
the whole sample using Biot-Savart law in order to ob-
tain the Oersted field distribution. As seen in the Fig.2,
the total field in the free layer consists of several com-
ponents originating from different layers, resulting in an
uncompensated Oersted field with an amplitude of 21.23
Oe, which is sufficiently large to enable the FL magneti-
zation coherent precession and the observed diode effect.
Since it is only the resultant component of the Oersted
field which induces the measured effect and the exter-
nal field of 100 Oe generated by Helmholtz coils used
in the experiment is strong enough to saturate the FL,
we conclude that the macrospin approach is suitable for
theoretical analysis.
3.0 Ta   9.7%
1.0 NiFe       2.2%
18.0 PtMn   9.4%
2.0 CoFe   8.4%
0.85 Ru   2.2%
2.1 CoFe   8.8%
2.1 Cu       22.5%
1.0 CoFe         4.2%
5.0 NiFe 10.8%
0.5 Ru   1.3%
1.0 Cu 10.8%
3.0 Ta  9.7% 
4.10 Oe
0.94 Oe
4.38 Oe
4.60 Oe
1.24 Oe
5.17 Oe
 14.18 Oe
= 21.23 Oe
0.85 Oe
6.82 Oe
5.72 Oe
Hz 
Contribution
    Material      Current
I
-
+
FIG. 2: Current distribution in GMR stack and magnetic
field contribution from each layer. Note that the Oersted
field contribution from the Cu spacer layer is dominant.
C. Experimental setup
The measurement setup consisted of a RF generator, a
voltmeter, two pairs of Helmholtz coils oriented perpen-
dicularly to each other, and a bias tee to separate the DC
voltage component from the RF voltage (Fig.3). We ap-
plied a microwave signal of 10 dBm from the generator
to the strip via the ground-signal (GS) RF probe, and
the DC voltage originating from the spin diode effect8
was measured using magnetic field sweep along a given
direction or the rotation of the magnetic field of con-
stant magnitude within the y − z plane. The angle θ
between the magnetic field (or magnetization of the FL)
and the z axis was varied by rotating magnetic field.
The GMR measured in the strip was equal to 7.4%.
Due to an impedance mismatch, the RF reflection co-
efficient was γ = R−Z0R+Z0 = 0.537, where Z0 = 50 Ω is the
impedance of the measurement system used. As a result,
only 1 − γ2 = 71% of the initial microwave power of 10
mW (10 dBm) applied to the strip was actually absorbed,
leading to the maximum current IRF = 6.5 mA.
6FIG. 3: Schematic of the experimental setup for the spin diode
effect detection. The axis z denotes the exchange bias direc-
tion.
IV. RESULTS AND DISCUSSION
A. Effective field
In order to analyze the FMR dynamics and compare
the experimental results with theoretical predictions, one
needs to know the explicit form of the effective magnetic
field ~Heff within the sample. Based on experimental ev-
idence, we can write the magnetic energy density in the
form:
U = K‖ sin2 θ−MS( ~Hext ·eˆM−MS
2µ0
eˆTM NˆeˆM+HOeeˆz ·eˆM )
(17)
where eˆM is a unit vector along the magnetization of
the FL, N is demagnetization tensor in a standard form,
K‖ describes the in-plane uniaxial magnetic anisotropy,
and HOe is the amplitude of the uncompensated Oersted
field in the z direction. This form of the magnetostatic
energy allows us to calculate derivatives in Eqs.(12),(13)
and (14) at a given stationary angle θ0 set up by the
external magnetic field. In particular, we are interested
in the resonance frequency (f0 = ω0/2pi) for θ = 90◦, at
which the measured VDC signal is the strongest one:
f0 =
ω0
2pi
=
γeMS
2pi
{
Γ3/2
[
Hext +
MS
µ0
(Nx −Ny)
]
×
(
−HK‖ + (Hext + MS
µ0
(Nz −Ny)
)}1/2
. (18)
In the above equation, we expressed the uniaxial
anisotropy in terms of the anisotropy field HK‖ =
2K‖/MS . Because of experimental conditions, we can
neglect the symmetrical (antisymmetrical) contribution
to Z1 (Z2), which is much smaller than its corresponding
antisymmetrical (symmetrical) counterpart for ψ = 0,
and thus rewrite Z1 (Z2) from Eq.(14) for φ = pi/2 as:
Z1 ≈M2Sγe csc θ
(
Hext sin
2 θ +
MS
µ0
(Nx −Ny) sin2 θ
)
(ω2 − ω20) (19)
Z2 ≈M2Sγe csc θ
(
Hext sin
2 θ +
MS
µ0
(Nx −Ny) sin2 θ
)
σω (20)
and then we express VDC signal as:
VDC = A sin
2 θ
1
Γ((ω2 − ω20)2 + ω2σ2)
[
cosψ(ω2 − ω20)− sinψσω
]
(21)
where:
A ≡ η
4
MS
2Γ1/2γ2e IHOe∆R
(
Hext +
MS
µ0
(Nx −Ny)
)
(22)
B. Magnetoresistance of SV-GMR strip
In our setup, the magnetoresistance has been measured
in the -4 kOe to 4 kOe field range. Fig.4(a) shows rela-
tive changes of the resistance under sweeping field at θ =
0◦ (along the exchange bias direction) and θ = 90◦ (per-
pendicular to the exchange bias direction), while in the
Fig.4(b) the same loops are shown in the low field range.
It should be emphasized that in our sample the AP state
between FL and RL magnetizations has been fixed by the
exchange bias field for values up to 1 kOe. The angular
dependence of the magnetoresistance (Fig.4(c)) has been
measured in rotating magnetic field of 100 Oe.
The amplitude for each angle has been calculated as a
7difference between maximum and minimum value of the
spin diode DC voltage from the measured spectrum. It
remains proportional to sin2(θ), which is in accordance
with Eq.(21).
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dence of the resistance measured in 100 Oe (black squares),
theoretical curve based on Eq.(1) (red solid line), spin diode
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C. Dynamics of SV-GMR strip
The FMR induced by the spin diode effect has been
investigated as a function of frequency and magnetic field
(in the range from -500 Oe to 500 Oe) as shown in Figs.5
and 6(a).
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FIG. 5: Dispersion relation of the FL magnetization for the
SV-GMR strip.
This measurement was performed at θ = 90◦, where
the amplitude of the FMR signal was maximal (Fig.4(c)).
The resonance frequency shifts to higher values and the
amplitude of the FMR signal decreases as the magnitude
of the external magnetic field is increased (Fig.5,Fig.6).
This behavior is in agreement with theoretical predictions
(see Eq.(18),(21)). The theoretical dispersion relation
(Eq.18) fits to the experimental FMR data (Fig.5) for
values derived from VSMmeasurements (saturation mag-
netization of the FL 1.03 T, uniaxial anisotropy energy
0.8 kJ/m3). The demagnetizing factors Nx = 0.00187,
Ny = 0.000065 and Nz = 0.998 have been calculated
with the use of analytical expressions for uniformly mag-
netized thin films,43 taking into account the non-uniform
(composite) character of the FL (1nm Co90Fe10 and 5nm
Ni81Fe19).
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FIG. 6: (a) DC voltage from the spin diode effect as a func-
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full width at half maximum (∆H) as a function of frequency.
In order to determine the damping factor α, the DC
voltage signal has been measured as a function of field
for several frequencies (Fig.6(a)). The linear dependence
of ∆H as a function of frequency is shown in Fig.6(b).
The damping factor has been determined by fitting a
8linear function to the measured data using the following
equation:
∆H = ∆H0 + α
2pif
γe
. (23)
Damping coefficient at θ=90◦ calculated in this way is
equal to 0.024.
Finally, we have measured the VDC signal in the fre-
quency domain. The spectra measured at different values
of θ are presented in Fig.7. Panel (a) shows frequency of
FMR spectra in the full range of rotating angles from 0◦
to 360◦. At θ equal to 0◦ and 180◦ the FMR signal dis-
appears, whereas at θ equal to 90◦ and 270◦ the signal
achieves the maximum value. The exact shapes of the
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FIG. 7: (a) DC voltage originating from the spin diode effect
as a function of magnetic field angle θ and (b) frequency. (c)
Theoretical spectra predicted by Eq.(21).
experimental spectral lines are shown in Fig.7(b). Dur-
ing the rotation of the magnetic field they retain their
antisymmetrical character and their amplitudes follow a
sine-squared dependence. Moreover, the resonance fre-
quencies do not depend on the direction of the external
field and the minima of the antisymmetrical curves have
greater absolute values than their maxima.
In Fig.7(c), we depict VDC curves plotted from Eq.(21)
with the phase shift ψ set to zero so that they are purely
antisymmetrical, similarly to the experiment. One can
see that all the features of experimental spectra men-
tioned above are reproduced.
D. Comparison of spin diode efficency in GMR and
permalloy strips
A similar experiment has also been conducted on
permalloy strips. A 20 nm thick Ni80Fe20 layer has been
deposited on an oxidized silicon wafer by magnetron
sputtering. Using electron-beam lithography and lift-off
method, permalloy strips of dimensions similar to those
of SV-GMR samples discussed above were fabricated.
We found that, although the FMR signal still could be
measured in this case, its amplitude was significantly
smaller. The strip resistance was about two times larger
(346 Ω) and the magnetoresistance was an order of
magnitude smaller than in the case of SV-GMR strip.
The comparison between efficiencies of the spin diode
effect for both types of sample shows that the efficiency
in the SV-GMR strip is several times larger than in the
permalloy one, as shown in Fig.8. This is consistent
with previous reports on detection sensitivity being
significantly larger in SV-GMR strips than in commonly
used AMR devices.4,29
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FIG. 8: Efficiency of the spin diode effect in SV-GMR and
permalloy strips.
V. SUMMARY AND CONCLUSION
The spin diode effect was investigated both theoreti-
cally and experimentally in GMR strips. Measurements
9of both static magnetoresistance and the magnetization
dynamics have been performed. In the GMR multilayer
system, the symmetry of the current distribution is bro-
ken and a non-compensated Oersted field appears in the
FL, which enables for the VDC signal generation upon mi-
crowaves injection. The measured amplitude of the VDC
signal has been shown to be significantly stronger than in
commonly used AMR-based NiFe devices. We have pro-
vided a comprehensive theoretical model for calculations
of the spin diode signal and used it to obtain VDC as
function of frequency, external magnetic field, and angle
at which the field is applied. The theoretical results are
in a good quantitative agreement with the experimental
data.
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